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Abstract
Recently Gil-Alana et al. (Physica A: Statistical Mechanics and its Applications 396, 42-50, 2014) com-
pared the sunspot number record and the temperature record and found that they differ: the sunspot
number record is characterized by a dominant 11-year cycle while the temperature record appears to be
characterized by a “singularity” or “pole” in the spectral density function at the “zero” frequency. Conse-
quently, they claimed that the two records are characterized by substantially different statistical fractional
models and rejected the hypothesis that sun influences significantly global temperatures. I will show that:
(1) the “singularity” or “pole” in the spectral density function of the global surface temperature at the
“zero” frequency does not exist - the observed pattern derives from the post 1880 warming trend of the
temperature signal and is a typical misinterpretation that discrete power spectra of non-stationary signals
can suggest; (2) appropriate continuous periodograms clarify the issue and also show a signature of the
11-year solar cycle (amplitude ≤ 0.1 0C), which since 1850 has an average period of about 10.4 year, and of
many other natural oscillations; (3) the solar signature in the surface temperature record can be recognized
only using specific techniques of analysis that take into account non-linearity and filtering of the multiple
climate change contributions; (4) the post 1880-year temperature warming trend cannot be compared or
studied against the sunspot record and its 11-year cycle, but requires solar proxy models showing short
and long scale oscillations plus the contribution of anthropogenic forcings, as done in the literature. Mul-
tiple evidences suggest that global temperatures and sunspot numbers are quite related to each other at
multiple time scales. Thus, they are characterized by cyclical fractional models. However, solar and cli-
matic indexes are related to each other through complex and non-linear processes. Finally, I show that the
prediction of a semi-empirical model for the global temperature based on astronomical oscillations and
anthropogenic forcing proposed by Scafetta since 2009 has up to date been successful.
-
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1 Introduction
Gil-Alana et al. [1] (herein referred to as GYS2014) compared patterns between a global surface temperature
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record and the sunspot number record. The aim was to determined whether the two records could be
statistically related and could be described by a common fractional model. GYS2014 could not find a clear
relationship between the two records. Consequently, GYS2014 questioned the hypothesis of a sun–climate
complex coupling proposed in several papers authored by Scafetta and collaborators (GYS2014 references
Scafetta et al. [6], Scafetta and West [7, 8, 9, 10, 11, 12], Scafetta [13, 14, 15]) and by numerous other authors
(GYS2014 references Douglass and Clader [16], Eddy [17], Eichler et al. [18], Friis-Christensen and Lassen
[19], Hoyt and Schatten [20], Kirkby [21], Lean and Rind [22], van Loon and Labitzke [23], Shaviv [24], Soon
[25], White et al. [26]). Herein I will show that GYS2014’s interpretation is incorrect because it is based on a
misunderstanding of the critiqued studies and also on mathematical and physical misinterpretations.
The topic addressed byGYS2014 is important because it refers to the problemof whether the temperature
signal presents a complex signature of astronomical forcings that are mostly regulated by harmonics or,
alternatively, the temperature signal is essentially an autocorrelation fractional signal (for example a AR(1)
process) regulated by internal chaotic dynamics alone.
To do this, GYS2014 analyzed and compared the stochastic memory (self-similarity) of the annual sunspot
number and the land-ocean temperature record using a auto-covariance like-function and the spectral den-
sity function looking for spectral peaks at some common frequencies. They assumed for the two time series
two different fractional process-models because, while the sunspot numbers show a strong cyclical pattern
at about the 11-year periodicity, global temperatures mainly show an increase across the sample (period
1880-2010) with superposed some "apparently" minor modulations. They concluded: “Due fundamentally to
the different stochastic nature of the two series we reject the hypothesis of a long term equilibrium relationship between
the two variables. Finally, using sunspot numbers exogenously, our results reject the hypothesis that they affect global
temperatures.”
However, the fact that temperature variations and sunspot numbers may show different stochastic be-
haviors according to a specific stochastic measure is not a novelty. The finding simply means that these two
records correspond to different physical processes, as well known. Temperatures are the result of the action,
or the reaction, of a complex combination of terrestrial factors that can be forced by numerous factors in-
cluding specific solar-astronomical components. Sunspot numbers depend, but not linearly, on themagnetic
activity of the Sun, on the changing geometry of its magnetic field and other things. The two observables
may be related, but for evident physical considerations the relation is unlikely linear nor simple.
Thus, simply showing that a specific statistical analysis (namely GYS2014’s testing of the univariate
statistical properties of the two series) is unable to clearly highlight the existence of a relationship between
two physical processes does not imply that the two processes are physically or statistically unrelated. In fact,
the existence of a statistical relationship between solar and climate records has been established in numerous
studies using alternative and advanced pattern recognition methodologies (direct filtering comparisons,
nonlinear process comparisons, physical modeling, etc.). Thus, GYS2014 should have demonstrated that
their analysis methodology is more appropriate than those used in the literature. However, they do not
discuss this issue leaving open the possibility that it is GYS2014’s statistical methodology and/or their
interpretation that are inappropriate or defective in some way.
I will show that GYS2014’s argument is based on some misunderstandings. In fact, none of the studies
supporting the existence of a significant link between solar-astronomical factors and climate, have claimed
that the sunspot number record mirrors the global surface temperature record in the way GYS2014 used
these records. Indeed, any direct linear comparison between the two records could only highlight the evi-
dent fact that the two records present substantially different patterns, as also GYS2014 show in their figure
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2. On the contrary, the sun–climate link has been often defined as “complex” because involves multiple
subtle mathematical and physical issues not discussed in GYS2014, but taken into account in the scientific
literature that they have referenced.
In the following I will try to clarify the main misunderstandings encountered in GYS2014.
2 Understanding the periodogram of the global surface temperature
record: discrete versus continuous algorithms
Here I will comment on the Fourier analysis proposed in GYS2014 and on their claim that a “singularity” or
“pole” exists in the temperature spectral density function at the “zero” frequency that, being not found in the
cyclical sunspot number record, would question the existence of a significant relationship between the two
records.
Figure 1 reproduces the sunspot number record (labeled as SN in GYS2014) and the GISS global surface
temperature (labeled as GT in GYS2014) and their periodogram panels depicted in figure 1 of GYS2014.
My additions and comments are reported in red. In particular, I had to guess and add the labels that were
missing. GYS2014 used annually sampled records. The temperature units are expressed in hundredth of
degree Kelvin from 1880 to 2009. In the caption of their figure 1 GYG2014 write: “In the periodograms, the
horizontal axis refers to the discrete Fourier frequencies λj = 2pij/T , j = 1, ..., T/2.” However, from the reported
numbers it can only be inferred that the index is not the frequency λj but the Fourier frequency number j
that, for a 130-year sequence, is made to vary from 1 to 65.
GYS2014 found that the sunspot number presents a spectral peak at about 11-year period (frequency
number j ≈ 12), while for the temperature it is stated that “the highest value in the periodogram takes place at the
smallest (zero) frequency.” From this evidence they concluded that while the sunspot number record could be
described by a cyclical fractional model, the global temperature record could be described by a fractionally
integrated or I(d) model. Because the two stochastic models are substantially different, GYS2014 rejected
the hypothesis of a relationship between the two variables in the long run.
A spectral pole at the “zero” frequency is, however, questionable given the fact that frequency numbers
0 < j < 1 correspond to periods larger than the length of the record, where spectral analysis is not reliable
any more. GYS2014 inferred a pole in the temperature spectral density function ( f (λ) → ∞ as λ → 0+)
because Figure 1D shows a strong spectral maximum of about 2500 units at the Fourier frequency number
j = 1. However, this maximum has a very simple explanation exposed in Figure 2 and cannot be extrap-
olated to imply an infinite pole as λ → 0+ and, therefore, a fractionally integrated or I(d) model does nor
describe the temperature signal.
Figure 2A shows the GISS temperature studied in GYS2014. Figure 2B shows a high resolution continuous
periodogram of the GISS temperature plotted against the continuous frequency expressed in the Fourier
frequency number j in log-scale from j = 0.1 to j = 65. The limit j = 1, which corresponds to the lowest
frequency in the discrete Fourier transform, is highlighted with a green vertical line.
Figure 2B shows that the temperature continuous periodogram (red curve) intersects the j = 1 limit at
a power value of about 2500 in agreement with GYS2014 finding of Figure 1D. However, as j decreases the
power spectrum reaches a maximum at j = 0.66 and then it converges to zero for j → 0+. In fact, as the
frequency approaches zero the periodogram fit curve approaches an horizontal straight line in the sequence
interval T. The spurious harmonic at j = 0.66 can be calculate by regression and is given by:
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Figure 1: Reproduction of [A] sunspot number record (SN), [B] the global surface temperature (GT) and
[C,D] their periodogram panels as depicted in figure 1 of GYS2014. The red labels were missing in the
original figure and are guessed. Note that the periodogram is sampled at discrete values: j = 1, 2, ..., 65.
h(t) = 36.7 sin
[
2pi
(
t
203.4
+ 0.33
)]
(1)
Eq. 1 is shown in Figure 2A in the blue curve and clearly suggests that it represents a spurious oscillation that
the periodogram models in its attempt of interpreting the temperature warming trend using harmonics. If
this spurious harmonic is removed from the data, the spectral peak found in the interval 0 < j ≤ 1 vanishes
as the periodogram of the detrended temperature shows: see the blue periodogram curve in Figure 2B.
The periodogram for the sunspot record depicted in Figure 1C presents an equivalent artifact at j = 1 but
it is strongly attenuated simply because in the 1880-2010 interval this record is more stationary than the
temperature record.
In addition, the red curve of Figure 2B presents a spectral peak at about j = 2, which corresponds to a
period of about 60 years. This spectral peak appears to be missing in GYS2014’s figure 1D because there a
discrete Fourier power spectrum is depicted at the integer values j = 1, 2, 3...65 and the discrete points were
connected with lines. This gave the misleading impression that the power spectrum of the temperature
strongly increases as j → 0+, which gives the impression of a “pole” at the “zero” frequency. Therefore,
GYS2014 interpretation is illusive because it derives (1) from the discrete nature of the Fourier Analysis, (2)
from improperly connecting the spectral discrete points with lines and (3) from extrapolating the trend of
the apparent resulting curve for 0 < j < 1.
Therefore, GYS2014’s “singularity” or “pole” in the spectral density function at the “zero” frequency
does not exist. The observed pattern emerges as an artifact that discrete periodogram algorithms produce
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Figure 2: [A] GISS temperature (red); Eq. 1 (blue curve). [B] High resolution continuous periodogram of the
original temperature record (red curve) and of the temperature record detrended of the harmonic given by
Eq. 1 (blue curve). In the latter case, GYS2014’s “singularity” or “pole” in the spectral density function at
the “zero” frequency disappears. GISS-Temperature data from http://data.giss.nasa.gov/gistemp/ .
in their attempt of interpreting a record that within a given interval is non-stationary, that is, presents a
trend.
Thus, GYS2014’s periodogram comparison is somehow misleading because it compares the 11-year
sunspot cycle against the secular warming trend of the temperature. The latter, however, is not directly
related with the sunspot number cycle but has several physical contributions such as the anthropogenic
component plus long solar and astronomical cycles. These cycles cannot be linearly deduced from the
sunspot number record, which shows just a dominant 11-year cycle and a small secular modulation, but
need to be evaluated using appropriate solar models [15, 19, 20, 21, 28, 30, 33, 36, 38, 39, 47, 48].
5
-0.8
-0.6
-0.4
-0.2
 0
 0.2
 0.4
 0.6
 0.8
 1840  1860  1880  1900  1920  1940  1960  1980  2000  2020
Te
m
pe
ra
tu
re
 A
no
m
aly
 (K
)
[A]   year
95% uncertainty (all effects)
HadCRUT3 annual record
 0.0001
 0.001
 0.01
 0.1
 1
 10
 2  3  4  5  6  7  8  9 10  20  30  40  50  60  70 80 90 100
Po
we
r S
pe
ctr
um
 D
en
sit
y
[B]   period (year)
MEM (M=N/2=82)
MTM (Res=1, #ta=1)
99%
95%
1
Figure 3: [A] Annually solved HadCRUT3 global surface temperature record [49] from 1850 to 2013. [B]
Power spectrum density functions calculated using the MEM method (using M=N/2=82) and the MTM
periodogram f (p) [50, 51]: the calculations were made with the SSA-MTM Toolkit. Several spectral peaks
(e.g.: at about 9.1 yr, 10.4 yr, 20 yr and 60 yr) are statistically significant above the 95% confidence level, and
their solar, lunar and astronomical origin is explained in the literature (e.g.: Scafetta [14, 3, 4, 33]).
To detect the 11-year solar cycle signature in the temperature record, appropriate filtering methodologies
[8, 9, 13, 15, 16, 22, 26, 41] or high resolution spectral techniques need to be used. Periodograms may need to
be plot in the log-log-scale, as shown below. Removing the upward secular trend of the temperature would
also be useful because spectral techniques work better for stationary records, while a strong upward trend
introduces a significant nonstationarity that can disrupt the spectral analysis of the signal.
Scafetta [3, 4, 14] used advanced spectral methodologies and showed that global surface temperature
records, including the GISS temperature used in GYS2014, present numerous specific spectral peaks. For
the benefit of the reader, Figure 3A shows the HadCRUT3 global surface temperature annual record [49],
which was used by Scafetta in several publications where it was preferred to the GISS temperature record
6
used in GYS2014 because it starts in 1850. Figure 3B shows the Multi Taper Method (MTM) periodogram
and theMaximumEntropyMethod (MEM) spectrum (using a pole numberM=N/2, whereN=164 samples).
Numerous highly confident spectral peaks are found, and correspond to several solar, lunar and astronom-
ical oscillations as explained in the literature (e.g.: Scafetta [3, 4, 14, 33]). The statistical confidence levels
(95% and 99%) are deduced from the combined effects of all known physical temperature uncertainties. The
annual average range of the statistical error (σ ≈ 0.06 oC) varies in time and is shown in A by the gray
area. (http://www.metoffice.gov.uk/hadobs/hadcrut3/diagnostics/time-series.html): these are given by
8.5σ2/pi ≈ 0.010 (for the 95% confidence) and 15σ2/pi ≈ 0.018 (for the 99% confidence).
The most prominent temperature spectral peaks shown in Figure 3B are found at these periods: ∼9.1
years, ∼10-12 years, ∼20 years and ∼60 years. The variable ∼10-12 year temperature oscillation corre-
sponds to the 11-year solar cycle that during most of the 20th century was usually short and bounded
between 10 and 11 years; its amplitude was estimated to be just a few hundredths of degree Kelvin up to a
maximum of 0.1 K during specific periods. Therefore, power spectra of global surface temperature records
represent the sunspot cycle as a main spectral peak at about 10.4 year period [2, 3, 14]. The 9.1-year cycles
appears to be related to lunar tidal cycles because it is between the 8.85-year lunar apside rotation cycle and
the second harmonic of the 18.6 lunar nodal cycle and inclination cycle. The other spectral peaks correspond
to other solar and astronomical oscillations of the Heliosphere (e.g: Scafetta [3, 4, 14, 53]). Note that the quasi
20-year cycle may be made of three close astronomical harmonics (see discussion in Scafetta [3, appendix]):
the 18.6-year lunar cycle, the quasi 20-year oscillation induced in the Heliosphere by Jupiter and Saturn and
the quasi 22-year Hale solar magnetic cycle that may have a high relevance for the Earth’s climate, because
the Earth is imbedded in the Heliosphere.
Thus, the evidence emerging from the periodogram is that the temperature signal is regulated by os-
cillations like the sunspot number record and, therefore, belongs to the same statistical family: a cyclical
fractional model plus, eventually, a non-cyclical anthropogenic component during the last decades.
3 Evidences from the scientific literature on short and long scale corre-
lations between solar and climatic records
About the sunspot number and the temperature records GYS2014 claimed that “no relationship between the
two variables in the long run” exists. In this section I will show that part of the misunderstandings were due
to the fact that GYS2014 used as solar index the sunspot number record. GYS2014’s methodology implicitly
assumes that the sunspot number record is linearly related to the other solar observables. They also claimed
that the total solar irradiance increases with the number of sunspots because “more sunspots release energy
into the atmosphere.” However, these arguments are physically inaccurate.
It is well-known that sunspots release less energy than the surrounding solar surface. During solar max-
ima, the total solar irradiance (TSI) does not increase because of the energy released by the sunspots, which
is less, but mostly because of the energy released by the solar faculae, which are hot-spots forming on the
solar surface. During solar maxima, the faculae number and area increase and their strong brightness over-
comes the sunspot darkness. In addition to the irradiance contributions from faculae and sunspots, which
mostly regulate the TSI high frequency component, most of the TSI contribution comes from the quieter
extended solar regions. The emission from the quiet regions can gradually evolve in time and regulate the
TSI low frequency component. Numerous other solar phenomena occur such as variations of solar mag-
netic fields and of solar wind fluxes (http://www.solarviews.com/eng/sun.htm). The intrinsic complexity
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of the solar dynamics and of its multiple coupled phenomena demonstrates that the sunspot number record
is not linearly related to other solar observables. Thus, the sunspot number record cannot be used as a
representative of the global solar influence on the Earth’s climate. Moreover, the climate of the Earth is
regulated by several anthropogenic and natural factors, which need to be factorized to properly identify the
solar contribution.
Let us summarize how the scientific literature cited in GYS2014 have addressed the above issues that
are necessary to understand the solar contribution to climate change and show how closely solar and global
surface temperature records appear to be related to each other at short and long time scales once the appro-
priate methodologies and solar models are adopted.
3.1 The sunspot number record is only a partial proxy of solar activity
The sunspot number record is used in solar physics only as one of the several ingredients adopted to make
proxy models of solar activity. It is these solar proxy models that are then compared in various ways
against the temperature records and/or used as external forcing of climate models. The scientific works
that GYS2014 referenced did not base their argument using directly the sunspot number record. Those au-
thors noted that specific solar proxy models correlate quite well with the temperature patters at multiple
scales. It is those results that have suggested the existence of a significant link between solar activity and
climate. Let us clarify some of the case addressed in GYG2014.
(1) GYS2014 claimed that Friis-Christensen and Lassen [19] “show that sunspot numbers between 1861 and
1989 display a significant relationship with the Northern Hemisphere (NH) mean temperatures”. However, those
authors did something quite different. Friis-Christensen and Lassen [19] found that NH land temperatures
have some similarity with the 11 year smoothed sunspot record, but the land temperature record leads the
sunspot record during some periods (e.g. the temperature peaks in the 1940s while the sunspot record
peaks around 1960), and then the latter cannot be an usable index for the solar forcing. They then went on
to investigate the relation using the length of the solar cycle as a proxy model for solar activity, and found
good correlation with the temperature record when the solar cycle length record is smoothed over 5 cycles
(low pass filter 1-2-2-2-1). Because of this smoothing they really investigated only longer periods of the
order of several decadades (e.g. the Gleissberg solar spectral range of 50-90 years). Thus, Friis-Christensen
and Lassen [19] used a solar proxy model based on the temporal duration of the solar cycle length and its
smooths. Although, the latter was deduced from the sunspot number record, the record is characterized by
multidecadal patterns that well correlate with the temperature record (both peak in the 1940s) but poorly
correlate with the sunspot number record itself. GYS2014 correctly highlighted that the original model
proposed by Friis-Christensen and Lassen [19] had a problem, which was actually a border artifact due to
the smoothing that could not well model the last two decades. However, GYS2014 did not acknowledge
that the solar cycle length model was later updated [27, 28, 29] and only since around 1990 the type of
solar forcing that is described by the solar cycle length model no longer appears to dominate the long-term
variation of the Northern hemisphere land air temperature. The finding implies that at least 50% of the the
post 1850 global warming could be still associated to solar variability, which is a finding consistent with
other recent studies [cf.: 3, 4].
(2) The good multisecular solar-climate correlation found by other authors (Eichler et al. [18], Hoyt and
Schatten [20, 30], Soon [25]) focused on multidecadal and secular patterns and were based on advanced
multi-proxy solar models, not on the sunspot number record alone.
(3) Some of the preliminary results of Scafetta and West [7] and Scafetta et al. [6] were based on a proxy
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solar model made of the time intervals between major solar flares: they did not use the sunspot number
record. In this case GYS2014 referenced a critical study by Rypdal [31]. However, GYS2014 did not ac-
knowledge the rebuttal by Scafetta and West [32] that demonstrated the numerous severe misconceptions
of their work made in Rypdal [31] who confused the time interval between flares, which was the variable
used in Scafetta and West [32], for the solar flare index that is an energy intensity record.
(4) Kirkby [21] does not use the sunspot number record but cosmic ray records and their proxy models.
The latter models are based on cosmogenic nuclides such as 10Be and 14C, whose production on the Earth
is related to the solar electromagnetic activity. These solar proxy models present an 11-year cycle similar
but not identical to the 11-year sunspot number oscillation. In addition, while the sunspot number is char-
acterized by similar minima close to zero with a relatively small low frequency component, the used proxy
models present a more significant low frequency modulation because they are not physically bounded at
zero as the sunspot number record, and well correlate with a number of climatic indexes at multiple scales.
(6) Scafetta and West [8] based their analysis on the ACRIM composite of total solar irradiance satellite
measurement that, contrary to the sunspot number record, presents an upward trend from 1980 to 2000,
and better correlates with the observed temperature warming during the same period. See also Scafetta
and Willson [42, 43] to better understand the issues related to the TSI records and why they differ from the
sunspot number record.
(7) Scafetta and West [10], Scafetta [13, 15] used multi-scale thermal models of several total solar irradi-
ance proxy records based also on total solar irradiance satellite measurements. Again, they did not use the
sunspot number record.
(8) Finally, Scafetta [3, 4, 14, 33] used alternative and more advanced empirical models for interpret-
ing climate changes. These new models are based on solar and astronomical oscillations assumed to be
regulating solar activity and, directly or indirectly, the Earth’s climate plus the anthropogenic and volcano
contributions. Again, the proposed solar-astronomical proxy models present patterns that differ from the
sunspot number record.
Of course there are numerous other works showing a significant correlation between specific solar in-
dexes and climate records (e.g.: Mufti and Shah [34], Soon [25, 35], Soon and Legates [36] and many others).
All solar proxy models adopted in the above studies can present some similarity with the sunspot num-
ber record but also strong dissimilarities, in particular in the multi-decadal and secular scales, which are
necessary to properly interpreting the low-frequency component of the temperature record.
3.2 Climate change is not determined by solar forcing alone
The global surface temperature patters are not determined exclusively by solar inputs and even less by
sunspots alone. On a time scale up to the millennial one, global climate averages are mostly regulated
by volcano eruptions, anthropogenic forcings and numerous natural oscillations, which include solar, as-
tronomical and lunar tidal oscillations. To avoid misleading conclusions, the various physical attributions
need to be taken into account.
In fact, while GYG2014 simplistically compared the sunspot number against the temperature record,
many authors that they reference used multi-attribution analysis methodologies. For example, Douglass
and Clader [16], Lean and Rind [22], van Loon and Labitzke [23], Scafetta [13, 15] evaluated the signature
of the 11-year solar cycle on the temperature by simultaneously filtering off the volcano signature, the an-
thropogenic signature and the ENSO oscillations. These authors found that during the period from 1980 to
2000, which experienced very large 11-year solar oscillations, the 11-year solar cycle signature on the global
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surface temperature had an amplitude (from min to max) of about 0.1 K. Indeed, the amplitude of the 11-
year solar cycle signature is very small in the global surface temperature record. However, it increases with
the altitude. For example, in the higher troposphere the amplitude of the 11-year solar signature can be as
large as ∼0.4 K, as demonstrated in several studies [e.g.: 15, 23, 41].
On longer time scales the solar influence becomes clearer once appropriate solar proxy models are used.
This has been demonstrated by numerous authors such as Eddy [17], Hoyt and Schatten [20], Kirkby [21],
Scafetta [15, 33]. More recently, Steinhilber et al. [44] found an excellent correlation between a 9,400-year
cosmic ray proxy model of solar activity from ice cores and tree rings and the Holocene Asian climate as
determined from stalagmites in the Dongge cave, China. Scafetta [3, 33] also highlighted a multi-secular
and millennial correlation between climate records and specific solar models. See also Scafetta [13, 3, 4]
where the multiple contributions to climate changes are empirically analyzed. About the strong millennial
oscillation common to both solar and temperature records see also Humlum et al. [37], Bond et al. [38], Kerr
[39], where it was argued that the millennial natural oscillation contributed significantly to the warming
observed since 1850. In fact, the temperature experienced significant warm periods during the Roman
Optimum (100 B.C. - 300 A.D.), and during the Medieval Warm Period (900-1400 A.D.) and significant
cool periods during the Dark Age (400-800 A.D.) and the Little Ice Age (1400-1800 A.D.) [40]. Therefore,
following this millennial cycle since 1800 the temperature had to increase naturally until the 21th century.
On the contrary, using the sunspot number record as the privileged solar index to be compared against
the temperature record GYG2014 could not take into account that: (1) the solar effect on climate is frequency
related and the effects usually get greater at lower frequencies; (2) some climatic patterns are not related to
solar variations but have a different physical origin (e.g. the post 1850 warming can be partially attributed
to anthropogenic emissions); and (3) that in any case in the relevant solar-climate scientific literature only
specific solar proxy models are used and these present patterns more complex than those shown just by the
sunspot number record.
After having noted that not even CO2 and other greenhouse gases, either of natural or of anthropogenic
origin, could be the cause, let alone the primary cause, of global climate changes, Quinn [45] wrote: “Evidence
indicates that global warming is closely related to a wide range of solar-terrestrial phenomenon, from the sun’s magnetic
storms and fluctuating solar wind all the way to the Earth’s core motions. Changes in the Solar and Earth magnetic
fields, changes in the Earth’s orientation and rotation rate, as well as the gravitational effects associated with the relative
barycenter motions of the Earth, Sun, Moon, and other planets, all play key roles. Clear one-to-one correspondence
exists among these parameters and the Global Temperature Anomaly on three separate time scales.” Many of these
issues are discussed for example in the Scafetta’s papers and in other references.
Indeed, in the last paragraph of their conclusion GYG2014 acknowledged some limits of their analysis
such as the fact that “anthropogenic factors and other climatologic variables may be included in the model, thus
avoiding the problem that may be caused by the potential omission of relevant variables.” However, as explained
above, several of the studies that GYG2014 referenced have already done what GYG2014 proposed at the
end of their paper, and showed that a clear solar signature in the climate records emerges at both the short
and the long scales once that all contributions are taken into account.
3.3 Empirical studies versus climate model studies
It is important to clarify an issue that was only briefly addressed in GYS2014 who correctly highlighted
that there is no consensus on the solar contribution to climate change. While empirical studies, as those
briefly summarize above, have found a strong but complex solar signature in the climate system at multiple
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timescales and have claimed that the sun contributed at least ∼ 50% of the post 1850 global warming,
analytical climate models, such as the general circulation models (GCMs), have predicted only a 5% or
lower solar contribution to the warming observed during the same period (e.g. see the IPCC [46]). It is
important to realize that the apparent incompatibility between the two sets of studies is due to (1) the
different philosophical approaches used to address the problem and (2) to the current lack of scientific
understanding of microscopic physical mechanisms regulating climate change.
In the empirical studies, researchers focus on the macroscopic characteristics revealed by the data and
provide attribution interpretations using various forms of detailed cross-correlation pattern recognition
methodologies. The empirical/holistic approach does not require the microscopic identification of all phys-
ical mechanisms to recognize macroscopic patterns such as cycles, which can be directly modeled.
On the contrary, the analytical GCM approach focuses on the microscopic modeling of the individual
physical mechanisms: it uses Navier-Stokes equations, thermodynamics of phase changes of atmospheric
water, detailed radiation budget of the Earth and atmosphere and ocean dynamics, specific radiative forcing
functions as inputs of the model, etc. The GCMs depend on very numerous internal variables and are
characterized by serious uncertainties such as those related to the cloud formation [46], which regulate the
important albedo index.
It is evident that the analytical models need to be physically complete to be meaningful. On the contrary,
there are several reasons suggesting that the current analytical climate models are incomplete. This explains
why there is no consensus between the empirical and analytical studies about the solar contribution to
climate change. Let us briefly summarize some of the arguments proposed in the referenced literature.
(1) The analytical models such as the CMIP5 GCMs adopted by the IPCC [46] have used a solar forcing
function deduced from a total solar irradiance proxy record that shows only a very small secular variability
(e.g. Wang et al. [47]), while alternative total solar irradiance proxy models showing a far greater secu-
lar variability and different details in the patters also exist [20, 48]. These alternative solar models better
correlate with the temperature patterns on multiple scales and reconstruct a large fraction of the warming
observed since 1850 [3, 20, 25, 35, 36].
(2) The analytical models still assume that solar-climate interaction is limited to TSI forcing alone. How-
ever, other solar-climate mechanisms likely exist although still poorly understood. For example, the climate
system may be particularly sensitive to specific radiations (e.g. ultraviolet light) and to cosmic ray or solar
wind that could significantly modulate the cloud cover system [21].
(3) The climatic records are characterized by numerous natural oscillations from the decadal to the mil-
lennial timescales that have been demonstrated to be not reproduced by the analytical models, but are
present in specific solar, lunar and astronomical records [2, 3, 4, 14, 33]. These oscillations, including the
millennial cycle, stress the importance of solar and astronomical effects on the Earth’s climate [3, 44].
In general, analytical models may theoretically be considered the best way to exploit the confirmatory
analysis. However, the exploratory analysis - which is needed in order to envisage the primary physical
drivers of phenomena - is a completely different gnoseologic concern. One cannot substitute the crucial
stage of the exploratory analysis with any kind of complex confirmatory mathematics. Both stages are
needed and, in general, to describe a complex system usually empirical/holistic approaches may be more
satisfactory than an analytical ones. For example, in the analytical modeling, mistakes can be easily made
when the original set of primary drivers is speculated.
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Figure 4: [A] The sunspot number record (http://sidc.oma.be/) since 1700 versus two alternative total solar
irradiance reconstructions [47, 20]. [B] Comparison between the Central England Temperature record [52]
and the solar reconstruction proposed by Hoyt and Schatten [20]: note the good correlation that includes a
significant portion of the warming observed since 1900.
3.4 A few examples showing a significant correlation between solar-astronomical records
and temperature records in the short and long scales
As discussed above, the scientists who studied the solar-climate relation and reached the conclusion of a
significant solar contribution to climatic changes did not use the sunspot record because it is substantially
different from the temperature record. To properly acknowledge the scientific efforts and the results made
by numerous specialists, I think that it is important to briefly summarize here some of their results for the
benefit of the readers.
These few examples are useful also for responding some of the issues addressed in GYS2014, namely
that the solar signature on climatic records can be extracted and properly recognize only using appropriate
solar proxy models, appropriate filtering and multi-forcing analysis and, for properly interpreting the low
frequency component of the signal, long sequences should be used to avoid misinterpretations.
Figure 4A compares the sunspot number record since 1700 (blue curve) versus two alternative total solar
irradiance reconstructions [47, 20]. The figure highlights that while the sunspot number is relatively flat, so-
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Figure 5: [A] Comparison between a proxy of solar activity (blue) and a proxy of temperature (δ18O) from
Dongge cave, China, (green) representing changes of the Asian climate during the Holocene (adapted from
Steinhilber et al. [44]). The two records are evidently well correlated. [B] Comparison between the global
mean tropospheric temperatures (blue) and the galactic cosmic ray record (red), which is modulated by the
solar magnetic activity. The panel shows the match achieved after removing El Nino, the North Atlantic
Oscillation, volcanic aerosols, and also a linear trend from the temperature record (adapted from Svens-
mark and Friis-Christensen [41]): the finding is consistent with Refs. [15, 23]. [C] Observed temperatures
versus the SCL121 solar cycle length model (adapted from Thejll and Lassen [27], cf. with Thejll [28]). [D]
Annual-mean equator to pole gradient over the entire Northern Hemisphere (blue) and its smoothed 10-
year running mean (dash blue) versus the estimated total solar irradiance (red) of Hoyt and Schatten [20]
(red, with up dates by [43]) from 1850 to 2010 (adapted from Soon and Legates [36]). [E] Comparison of the
Belukha (Siberia) temperature reconstruction with solar activity proxies (adapted from Eichler et al. [18]).
[F] Temperature reconstruction for the Central Alps over the last two millennia, obtained from the δ18O
composition of a speleothem from Spannagel Cave versus the variations of cosmic rays (∇14C) and CO2
over this period (adapted from Kirkby [21]).
lar proxy models present a more significant secular variability, which depends greatly on the specific proxy
used. Figure 4B simply compares the Central England Temperature record [52] and the solar reconstruction
proposed by Hoyt and Schatten [20]. A good correlation is noted for 300 years, which includes a signifi-
cant portion of the warming observed since 1900, which gives origin to GYS2014 putative “zero” frequency
“pole”, as explained in Section 2.
Figure 5 shows examples of solar-climate correlations taken from Steinhilber et al. [44], Svensmark and
13
-1.5
-1
-0.5
 0
 0.5
 1
 1860  1880  1900  1920  1940  1960  1980  2000  2020
Te
m
pe
ra
tu
re
 A
no
m
aly
 (o
C)
[A]   year
HadCRUT4.2 GST
Eq. 13 with β=0.6
Eq. 13 with β=0.4
corrected GCM component by β=0.5
6-frequency harmonic component alone
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 2000  2002  2004  2006  2008  2010  2012  2014  2016  2018  2020
Te
m
p.
 A
no
m
. (o
C)
[B]   year
May/2014: 0.539 oC
Global Surface Temperature
Empirical Forecast (cyan area)
Harmonic component
IPCC 2007 Projection (green area ℜ≈ 1σ)
N. Scafetta: DOI: 10.1016/j.jastp.2011.12.005
(lower average limit)HadCRUT3 (red: paper-original Oct/2011  -  blue: updated GST)
HadCRUT3 and IPCC (cmip3 ave-mean) projection have common 1900-2000 base period
1
Figure 6: Advanced modelling. [A] The semi-empirical astronomical model for reconstructing the global
surface temperature (HadCRUT4, black) proposed by Scafetta [4, figure 25]. The model (red and blue
curves) is made of two components depicted in the bottom: (1) the gray curve is the estimate of the an-
thropogenic plus volcano components made by properly attenuating the CMIP5 general circulation model
ensemble mean simulation by a factor β ≈ 0.5; (2) the green curve is the estimate of the natural harmonic
variability made of the 6 specific solar-astronomical harmonics from the decadal to the millennial scale. Eq.
13 is in Scafetta [4] where a reader can find details about the proposed model. [B] Detail the semi-empirical
astronomical model proposed by Scafetta [2]. The red curve shows the original global surface temperature
record published in Scafetta [2]. The blue curve shows the same global surface temperature updated to the
most current availablemonth. The back curvewithin the cyan area is the semi-empirical astronomical model
forecast (since 2000) that clearly outperforms the IPCC 2007 CMIP3 general circulation model projections
(green area). The yellow curve is the harmonic component alone without the anthropogenic component.
Friis-Christensen [41], Soon and Legates [36], Thejll and Lassen [27], Eichler et al. [18] and Kirkby [21]. Here
the correlation between solar-astronomical records and climate records is evident at short and long time
scales. Figure 5A compares a reconstruction of solar activity and a reconstruction of Asian climate during
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the Holocene (last 9000 years) [44]. Figure 5B shows that the radiosonde temperature anomalies, after an ap-
propriate filtering of other climatic factors, reveals a clear signature of the 11-year solar cycle reconstructed
by the cosmic ray record [41]. Figure 5C compares the instrumental global surface temperature record ver-
sus a SCL121 solar cycle length model [27]. Figure 5D compares the annual-mean equator-to-pole gradient
over the entire Northern Hemisphere versus the estimated total solar irradiance record (red) of Hoyt and
Schatten [20] (red, with updates by Scafetta and Willson [43]) from 1850 to 2010 [36]. Figure 5E compare
a Siberian temperature reconstruction with solar activity proxies for 750 years [18]. Figure 5F depicts a
temperature reconstruction for the Central Alps over the last two millennia, obtained from a δ18O based
temperature proxy model versus the variations of cosmic rays (∇14C) and CO2 over the same period [21].
All these figures suggest a strong cross-correlation between solar proxy models and temperature patterns,
which again also include a significant fraction of the warming observed since 1850. These empirical results
indicate that the Sun has a significant influence on the climate system, but it is not the sole contributor.
Figure 6A shows the good performance of an empirical model for the global surface temperature pro-
posed by Scafetta [3], which was made of 6 specific solar-astronomical cycles (periods 9.1, 10.4, 20, 60, 115,
983 yr) modeling the natural decadal-to-millennial natural climatic oscillations plus an estimate of the an-
thropogenic and volcano components made by properly attenuating the CMIP5 general circulation model
ensemble mean simulation by a factor β ≈ 0.5. Scafetta [3] showed that his model outperforms all CMIP5
general circulation models in reconstructing the global surface temperature record. Figure 6B shows a de-
tail with an update of the semi-empirical astronomical model proposed by Scafetta [2] in 2011. The red
curve shows the original global surface temperature record published in Scafetta [2], which ended in Oc-
tober 2011. The blue curve shows the global surface temperature updated to the most current available
month, which is March 2014. The back curve within the cyan 1-σ error area is the semi-empirical astro-
nomical model forecast (which was modeled to start in 2000). The figure clearly shows that the proposed
semi empirical model outperforms the IPCC 2007 CMIP3 general circulation model projections (green area)
and has successfully forecast the temperature trend from October 2011 to March 2014. Similar results are
found against the CMIP5 models [3, 4]. Note that a simplified version of the same model was proposed by
Scafetta since 2009 [5, 14] and the proposed model has correctly predicted the observed continued standstill
of the global surface temperature while the CMIP3 and CMIP5 general circulation models adopted by the
IPCC [46] predicted for the period 2000-2014 a strong warming of about 2 oC/century, which has not been
observed.
Figures 4, 5 and 6 provide a strictly alternative message than figure 2 in GYS2014 that depicted directly
the sunspot number versus the temperature record in such a way to give a reader the impression that no
relationship exists between the two records.
4 Conclusion
GYS2014 claimed that the temperature record is characterized by a “singularity” or “pole” at the “zero” fre-
quency while the sunspot number record presents a dominant 11-year cyclical pattern. From there they
inferred that the two systems are characterized by two fundamentally different stochastic natures: the tem-
perature signal would be a fractional integrated or I(d) model, while the sunspot number record would be
a cyclical fractional model. Therefore, the two records were claimed to be not related.
I have demonstrated that the presumed temperature singularity at the “zero” frequency does not ex-
ist. GYS2014’s observed pattern (a strongly increasing power in the temperature spectrum as the frequency
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number j → 0+) is an artifact that discrete periodogram algorithms can suggest when processing non-
stationary sequences. On the contrary, a continuous periodogram (see Figure 2B) reveals that as the fre-
quency approaches zero (Fourier frequency number 0 ≤ j < 1) the power spectrum reaches a maximum
and then it converges to zero, not to infinity, as suggested in GYS2014. Continuous periodograms (Figure
2B and 3B) also reveal a number of highly significant spectral peaks suggesting that the temperature record
is made of numerous oscillations that were hidden in GYS2014 discrete periodogram.
From the continuous temperature spectra depicted in Figure 2B and 3B the only possible conclusion is
that the temperature too can be described by a cyclical fractional model like the sunspot number record, al-
though to properly identify the temperature harmonics proper solar/astronomical models need to be used.
This result corrects GYS2014’s claim that “Due fundamentally to the different stochastic nature of the two series
we reject the hypothesis of a long term equilibrium relationship between the two variables.” As confirmed by my
analysis and explained in the literature, the temperature is likely made of a natural harmonic components
with a likely solar/astronomical origin, plus a non-harmonic anthropogenic component particularly active
during the last decades [3, 4, 33].
The good correlation between solar/astronomical models and the climate system is obscured in GYS2014
because they used the sunspot number record as the privileged solar index. However, the works claiming
the existence of a significant link between the sunspot and the climate records at both the short and long
time scale did not base their argument directly on the sunspot number record. They used solar proxymodels
that significantly differ from the sunspot number record in particular in the multidecadal and multisecular
modulation, in other patterns and also for physical construction. Moreover, the referenced literature already
acknowledges and takes into account that multiple factors, both anthropogenic and natural, modulate cli-
matic records. These factors need to be simultaneously factorized out to clearly reveal the solar-astronomical
component of climate changes.
In particular, the global surface temperature record contains an 11-year solar cycle signature but, as
well known, it is relatively small, just a few hundredths of degree Kelvin, and beats with the ∼ 9.1 year
soli-lunar tidal cycle. This small solar signature can be hardly noticed without an appropriate analysis as
those proposed for example in Scafetta [2, 3, 4, 14, 33] and by numerous other authors [16, 20, 22, 23, 41].
Numerous other natural oscillations linked to solar variations exist such as cycles at 20, 60, 115, 1000 year
etc. [3, 4, 18, 17, 21, 29, 33, 38, 39, 40, 44]. Empirical models based on these signatures have been proposed
and demonstrated to reconstruct the temperature patterns since 1850 better than the CMIP3 and CMIP5
general circulation models adopted by the IPCC [46]. In particular the solar-astronomical semi-empirical
models have correctly predicted the temperature standstill observed since 2000while the CMIP3 and CMIP5
general circulation models have predicted a strong warming that has not been observed [3, 4, 53].
In conclusion, the claim that the global surface temperature record is a fractional random signal fun-
damentally different from the harmonic nature of the astronomical signals is not supported by the data
and careful analysis. The global surface temperature record appears to be made of natural specific oscil-
lations with a likely solar/astronomical origin plus a non-cyclical anthropogenic contribution during the
last decades. Indeed, because the boundary condition of the climate system is regulated also by astronom-
ical harmonic forcings, these frequencies need to be part of the climate signal in the same way the tidal
oscillations are regulated by soli-lunar harmonics.
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Appendix
Both MEM and the periodogram are used in Figure 3 because, as Press et al. [51, pp. 574] wrote, "Some
experts recommend the use of this algorithm in conjunction with more conservative methods, like the periodogram, to
help choose the correct model order, and to avoid getting too fooled by spurious spectral features." Essentially, the two
methodologies should be applied in the following way: first the periodogram is used to find the spectral
peaks with their statistical confidence, then MEM is used to sharp the results. MEM spectral peaks that are
not confirmed by the periodogram should be rejected. For sharpness the MEM order M should be chosen
in function of the spectral band that needs to be analyze: M needs to be very high up to the maximum
N/2 (N is the number of data points in the sequence) to efficiently analyze the low frequency range [2,
supplement]. Figure 2B uses MEM with M = N/2 and does not show spurious peaks because each MEM
peak is confirmed by a correspondent peak in the MTM periodogram, and most peaks for 4-year and larger
periods have a 95% and more statistical confidence relative to the physical noise of the signal.
Power spectra are also affected by a specific resolution related to the length T of the record, which is
given by d f = 1/T. Taking into account the specific spectral resolution is important to separate close
harmonics. For example, two frequencies f1 and f2 can be separated only if | f1 − f2| ≥ d f . In spectral
analysis, a spectral peak at frequency f < 2/T has an error of ∇ f = ±2/T; the correspondent period
is P = P0 ± P
2
0/2T. Thus, if P0 is larger than the temporal interval of the sequence, the spectral analysis
becomes highly unstable. Moreover, to properly separate the harmonic constituents of the temperature,
if they have an astronomical origin as suggested in Scafetta [14], spectral analysis requires a resolution of
d f ≤ 0.0056 yr−1, which corresponds to a segment length of L ≥ 1/d f = 178.4 years. In fact, astronomical
frequencies are harmonics of a 178.4 year period [cf. 53, figure 4]. Temperature segments longer than 100
years would be necessary to separate at least the major expected constituent harmonics and recognize an
astronomical influence on the climate at the decadal-secular scales. Thus, using temperature segments of 20
to 60 years as proposed by Holm [54] is inefficient to highlight a spectral coherence between astronomical
and temperature harmonics.
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